An exciton polariton is an extremely light bosonic quasiparticle that is composed of an exciton and a photon. We report on a theoretical study of exciton-polariton condensation in a system with tunnel-coupled quantum wells. Because their excitons can carry an electric dipole moment, these systems have been referred to as dipolariton condensates. We use a fermionic mean-field theory that can address quantum well and other internal exciton degrees of freedom to describe the new physics present in dipolariton condensates. We find that the role of underlying fermonic degrees of freedom is enhanced and predict that metallic condensates can occur at high carrier densities.
Introduction.-During the past decade experimenters have been able to study the physics of electron-hole pair condensates [1] in a variety of distinct [2] [3] [4] quasi-twodimensional [5] condensed matter systems. Among these, quantum Hall condensates [2] are distinguished by being in true thermodynamic equilibrium, making it possible to explore their anomalous macroscopic transport properties, while polariton condensates are distinguished by their dual light-matter character which makes it possible to probe the condensate wave function directly. Until recently, polaritons have always been formed by establishing coherence between light and bound states formed by electrons and holes in the same quantum well (QW). This Letter is motivated by a recent breakthrough [6] that realized dipolaritons, polaritons with a matter component that is in part spatially indirect. We show in this Letter that, if dipolariton condensation can be achieved, this advance could open up new physics.
Polariton condensates occur in planar microcavity systems containing N ≥ 1 QWs. A polariton condensate can, in general, have excitonic contributions from the N spatially direct or from the NðN − 1Þ spatially indirect particle-hole pair channels. Since the exciton reservoir, which is the source of condensate particles, is purely direct, and cavity photons can excite only direct excitons, the spatially indirect channels can be accessed only by matter tunneling between QWs. The simplest system in which this tunneling process plays an essential role [6] contains two QWs in which one direct and one indirect exciton are strongly coupled by conduction-band electron tunneling [See Fig. 1(a) ]. When the direct and indirect exciton energies are both close to resonance, the polariton matter component is a coherent sum of direct and indirect exciton contributions. Dipolariton condensates have tunable dipole-dipole interactions and, by establishing a role for electron tunneling, enrich the interplay between bosonic condensation and the fermonic degrees of freedom from which the bosons are formed. In the following, we describe a microscopic mean-field theory that directly captures these aspects of dipolariton condensate physics. We find that in the high-density limit, which has been attracting increasing attention among polariton condensate researchers [7] [8] [9] , dipolariton condensate states can be gapless and, therefore, metallic.
Mean-field theory of the dipolariton condensate.-Dipolariton condensates are nonequilibrium steady states in which an exciton bath provides a source of particles, resonance between exciton and cavity mode excitations couples matter and light, and photon leakage provides a decay channel. We adopt the simplest possible model of the quasiequilibrium steady state by assuming that full thermalization is achieved between matter and light, possibly at an elevated temperature, with the density of excitations dependent on pumping power and on the cavity decay rates. We then employ a mean-field approach, similar to those described in Ref. [9] , in which the many-particle state is approximated by the direct product of a photon coherent state and a matter Slater determinant. In this model, only the sum of the number of particle-hole pairs and the number of cavity photons, n X ¼ n ph þ ðn c þ nc þ n h Þ=2, is conserved. Here, n ph , n c , nc, n h are, respectively, the density of photons, electrons in the direct (c) and indirect (c) conduction bands, and holes in the valence (v) band [see Fig. 1(a) ]. The steady state is determined by minimizing the total energy density
Here, ω is the optical cavity frequency of the condensate [10] , μ X is the common chemical potential of cavity photons and particle-hole pairs, and ϵ mat is the matter where c k ,c k , and v k are electron annihilation operators for c,c, and v bands. dV is the offset between c andc subband energies. In Eq. (2) we have chosen the zero of energy for particle-hole excitations at the QW-confinement enhanced band gap. We have also introduced an additional Lagrange multiplier μ whose value is chosen to impose neutrality on the system, i.e., to set the number of conduction-band electrons in the system, summing over the two QWs, equal to the number of valence-band holes. As we discuss later, the presence of three quasiparticle (QP) bands in this model allows for the possibility of partial band filling at neutrality, and hence metallic behavior. The dipolariton matter mean-field Hamiltonian has additional contributions due to interlayer tunneling, interactions between photons and matter, and Coulomb interactions:
where H.c. denotes the Hermitian conjugate of the two terms inside the bracket. The Hartree term
kc k Þ captures energy shifts due to the dipoles carried by the indirect excitons. The exchange interaction term is
, v are band indices, V C is the Coulomb interaction between electrons, and ρ is the density-matrix operator. As in the simpler spatially direct exciton case, exchange terms support interband coherence and capture the attractive interaction between conduction band electrons and valence band holes. The Rabi coupling terms in Eq. (3) which form a cavity. The cavity mode is close to resonance with both direct excitons formed from conduction-valence (c-v) particle-hole pairs and indirect excitons formed fromc-v particle-hole pairs. The blue curves and the red curves represent electron and hole wave functions, respectively. The QW system is designed so that exciton states other than those formed from c-v andc-v pairs are far off resonance with the active cavity mode. The c and v subbands are coupled by a photon field with Rabi coupling strength Ω, and the c andc are coupled by tunneling with amplitude t. The energy difference dV between the c andc subband energies can be tuned by applying a gate voltage to the structure. (b) Typical mean-field total energy density ϵ T versus Ω for negative (Δ ¼ 0 − , black solid line) and positive (Δ ¼ 0.1 Ry, red dashed line) photon detuning. We use atomic energy units constructed from the GaAs reduced mass and static dielectric function so that 1 Ry ¼ 4.67 meV. These results were calculated for model parameters dV ¼ 0 Ry, t ¼ 1 Ry, μ X ¼ −3.7 Ry, and interlayer distance d ¼ 0.4a B . The minimum of ϵ T at finite Ω ¼ 0.6 Ry (red circle) for Δ ¼ 0.1 Ry signals a polariton (mixed matter-light) condensate. (c) The photon fraction (n ph =n X ) versus Ω for the same parameters as in (b). 
, electron density (middle row), and interband coherence (bottom row) versus momentum for μ X ¼ −3.7 Ry (BEC limit). The left-hand, middle, and right-hand columns correspond to dV ¼ 0, 9.5, and 20 Ry. In the density plots, the black solid lines, blue dash-dotted lines, and red dashed lines correspond to the densities ofc and c electrons and v holes. In the coherence plots, the black solid lines, blue dash-double-dotted lines, and red dotted lines correspond to hcjρjvi, hcjρjvi, and hcjρjci. The results were calculated for t ¼ 1 Ry, Ω ¼ 2 Ry, Δ ¼ 0, and quantum well separation
a B is the Bohr radius of free exciton in the explicit calculations described below. The strength of tunneling between c andc states is characterized by the amplitude t.
Because the interaction contributions to the matter meanfield Hamiltonian depend on the matter density matrix, they must be determined self-consistently as a function of μ X and Ω. The solutions of these equations define QP bands that are dressed by electron-electron and electron-photon interactions and determine the fermionic properties of the dipolariton condensate. Typical results, summarized in Figs. 2 and 3 are discussed in detail below. For Δ ¼ ω − μ X ≤ 0, incoherent conversion of matter into photons releases energy. Under this circumstance, the total energy per area of the photon-matter system ϵ T is always minimized at the largest possible Ω. This is the normal laser case in which matter and light are not in equilibrium and our model of the steady state is inappropriate. Polariton condensates occur when Δ > 0 and incoherent conversion of matter to photons requires energy. In this regime, the pure photon contribution to ϵ T is positive and proportional to n ph ∝ Ω 2 , whereas the matter contribution ϵ mat is negative and satisfies the Hellmann-Feynman theorem:
where S is the system area. If excitons are able to form a condensate without coupling to cavity photons, the righthand side of Eq. (4) remains finite for Ω → 0, and the matter contribution to ϵ T is therefore linear in Ω. A minimum in ϵ T thus occurs for a partially excitonic and partially photonic finite Ω state. For example, as illustrated in Fig. 1 , the minimum occurs at Ω ¼ 0.6 Ry for Δ ¼ 0.1 Ry. Typical total energy results in the low-exciton density BoseEinstein condensation (BEC) limit (μ X ¼ −3.7 Ry) are shown in the right-hand panel of Fig. 1 . Importantly, if the matter response to Ω is strong enough, minima can occur at finite Ω even when an exciton condensate does not form at Ω ¼ 0. Fermionic properties of dipolariton condensates.-Our mean-field theory is more reliable in predicting fermionic QP properties at a given value of Rabi coupling Ω than in predicting how the condensate is partitioned between photon and matter components. We focus our discussion of QP bands on two particular chemical potentials, μ X ¼ −3.7 Ry and μ X ¼ 0.0 Ry, which are representative of the BCS and BEC limits.
In the narrow QW model [12] , the Ω ¼ 0 spatially direct dilute exciton chemical potential is reduced relative to the band gap by the two-dimensional hydrogenic ground state binding energy to μ X ¼ −4 Ry. Because interlayer electron-hole interactions are weaker than intralayer interactions, the shift is smaller for indirect excitons. In the dilute limit, the two excitons therefore come into resonance at a positive value of dV that is dependent on the QW separation distance d for Ω ¼ 0 and dV ∈ ð0; 4 RyÞ. As illustrated in Fig. 4(b) , the magnitude of the interlayer tunnel energy t P k hc † kc k þ H:c:i is maximized near resonance in the BEC limit, but is more weakly dependent on dV in the BCS limit [ Fig. 4(c) ]. The matter part of the polariton develops more indirect exciton character and the photon-matter coupling strength jΩ P k hc † k v k þ H:c:ij slowly weakens as dV is increased beyond the resonance value. These differences in condensate character are 
FIG. 3 (color online). Quasiparticle dispersion (top row)
, electron density (middle row), and interband coherence (bottom row) versus momentum for μ X ¼ 0 (BCS limit). The curve legend is identical to that used in Fig. 2 . In the QP dispersion plot, regions A, B, C, and D have 2, 1, 0, and 1 occupied QP bands. These calculations were performed for μ X ¼ 0 and all other parameters set to the same values as in Fig. 2 . The black solid lines refer to the BEC limit (μ X ¼ −3.7 Ry) and the red dashed lines to the BCS limit (μ X ¼ 0.0 Ry). All other parameters are the same as in Fig. 2. reflected in the QP energies and wave functions, as we explain in the following paragraphs. Figure 2 plots the QP bands and both diagonal (density) and off-diagonal (interband coherence) density-matrix components for μ X ¼ −3.7 Ry. Energies in these plots are given relative to the chemical potential μ, so negative energy bands are occupied. At dV ¼ 0, the indirect excitons are above resonance and our results differ little from those obtained [7] [8] [9] previously for a simple polariton condensate. The single occupied band consists entirely of conduction and valence bands in the same QW. At dV ¼ 9.5 Ry, we begin to see how fermionic physics limits the validity of the purely bosonic description of dipolariton condensates. In the condensed state, avoided crossings, marked by interband coherence peaks, occur at finite k between both the v band and both c andc conduction bands. The occupied QP band is a coherent combination with substantial weights for all three constituents and a wave vector dependence that reflects a delicate interplay between Rabi, self-consistent exchange, and interlayer tunneling couplings. The matter part of the condensate is not properly viewed as being simply a coherent sum of direct and indirect exciton components. For still larger dV, the condensate crosses over toward a simple indirect-exciton state in which the c band plays a small role. Although reduced, coupling to light is surprisingly persistent. This behavior can be traced to ∼t 2 =dV perturbative mixing between the two conduction bands, which allows photons to support the avoided crossing gap and associated coherence between the valence band and thẽ c conduction band at the Fermi energy.
In the high-density BCS limit, illustrated in Fig. 3 by plotting results for μ X ¼ 0.0, a fermionic description is required even away from resonance. At small dV we recover results close to those obtained in earlier microscopic studies of direct exciton BCS condensates [6, 8, 9] . Bare c and v bands cross at a finite wave vector where they have a Fermi level avoided crossing gap due to interaction induced coherence. As dV increases, the bottom of thec band falls below the top of the valence band. Because there are two occupied bands at small k ≡ jkj, neutrality requires that there be an equal area region in which no bands are occupied. (See the Supplemental Material for further remarks on the QP bands [13] .) The end result is that three bands cross the Fermi energy, leading to a Fermi surface with three circular segments, two electronlike and one holelike. In Fig. 3(d) two QP bands are occupied in region A, which is a circle centered on k ¼ 0. At larger k the annular regions B and C have one and zero occupied bands, respectively, while the rest of momentum space region (D) again has one occupied band. Contributions to the tunneling energy and to indirect exciton coherence energy come mainly from region B. In this parameter regime, condensation does not occur unless assisted by coupling to the cavity photon field. Direct exciton pairing is weakened, but metallic behavior is retained when dV is increased further.
Discussion.-Our theory is based on two approximations: a mean-field theory for fermionic interactions [7, 9] and a quasiequilibrium approximation for the polariton steady state. The mean-field theory is known to give a qualitatively correct description of the BEC-BCS crossover [14] of direct QW excitons, but probably overestimates pairing strength in the BCS limit because it neglects screening effects. As in the simple exciton-polariton case, the quasiequilibrium ansatz is the more serious, and more difficult to remedy, although some progress as been made [15] . It requires that scattering rates among constituents exceed the rate of scattering in from the incoherent exciton reservoir and the rate of photon loss. These conditions are more closely satisfied in systems with high quality factor cavities. In the dipolariton case, the rate of electron tunneling between QWs must also be large, a requirement that can be achieved in III-V semiconductor systems simply by growing structures with small x or narrow B x III 1−x V tunnel barriers. (Here, B is the group III barrier material.) Electron tunneling amplitudes similar to the ones assumed in our illustrative calculations have been realized experimentally in Ref. [6] . For structures of this type the quasiequilibrium approximation we employ should be as reliable in dipolariton systems as it is in the single QW case where it has been employed in the past. Our theory is of little value in predicting the Rabi coupling strengths or photon fractions of polariton states obtained at a given coupling strength, but it is qualitatively reliable for understanding condensate properties at given Rabi coupling strengths and matter densities.
Because it is formulated in terms of electronic degrees of freedom, our theory can be extended to consider both vertical and in-plane two-dimensional electron transport. The recent realization of electrical-injection excitonpolariton condensation [16] is promising in this respect. The most intriguing prediction of our theory is that dipolariton condensates can be two-dimensional metals in which the exciton binding energy vanishes but coherence is maintained. Although dipolariton systems generally tend less strongly toward coherence at Ω ¼ 0, i.e., pure exciton condensation tends not to occur, the rate at which coherence is induced by coupling to photons is large. For the parameters of Fig. 3 , for example, the total energy at Ω ¼ 2 Ry is lower than the energy at Ω ¼ 0 for Δ < 0. 
